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Summary  of  Research  Accomplishments: 

The  first  step  toward  developing  complex  cyclic  brush  polymers  was  to  explore  direct  polymerization  of 
norbornene-based  macromonomers  via  ring-expansion  metathesis  polymerization  (REMP).  We  found  that 
macromonomers  with  molecular  weights  ranging  from  2,200  to  8,700  Da  were  efficiently  polymerized  using  our 
recently  developed  SC-5  and  SC-6  catalysts;  key  data  are  summarized  in  Table  1.  Polymer  functionality 
including  polystyrene,  polylactide,  and  polyacrylate  were  each  readily  incorporated.  Notably,  the  MWs  of  these 
cyclic  brush  polymers  significantly  exceeded  those  of  the  linear  brush  polymers  we  previously  synthesized 
using  ring-opening  metathesis  polymerization  (ROMP).  6d,12The  lack  of  analogous  linear  counterparts  at  similar 
MWs  made  it  difficult  to  compare  dilute  solution  properties  between  cyclic  and  linear  brush  polymers. 
Therefore,  we  primarily  used  imaging  techniques  to  determine  their  topology. 
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Table  1.  REMP  of  Macromonomers.[a] 


Entry 

Macromonomer[b] 

catalyst 

Mw 

(xIO6  Da)[cl 

PDI[dl 

np  [el 

ur  backbone 

Conversion[f] 

1 

NB(PS)2200 

SC-5 

9.1 

1.2 

4100 

93% 

2 

NB(PS)3200 

SC-5 

6.2 

1.1 

1900 

74% 

3 

NB(PS)6600 

SC-5 

5.8 

1.1 

880 

67% 

49 

NB(PS)6600 

SC-5 

5.7 

1.2 

860 

55% 

5 

NB(PLA)4400 

SC-5 

13 

1.4 

3000 

92% 

6 

NB(PLA)8700 

SC-5 

26 

1.1 

3000 

79% 

7 

NB(PS)2200 

SC-6 

2.4 

1.2 

1100 

89% 

8 

NB(PS)6600 

SC-6 

6.5 

1.1 

1000 

78% 

9 

NB(P/?BA)4000 

SC-6 

4.0 

1.3 

1000 

>99% 

10 

NB(PLA)4400 

SC-6 

1.9 

1.5 

430 

>99% 

11 

NB(PLA)8700 

SC-6 

6.0 

1.4 

690 

98% 

[a]  Conditions:  [MM/catalyst]=50,  55  °C,  in  benzene  unless  otherwise  noted,  [b]  MMs  were  named  in  a  format  of  NB(X)Y,  with  X  the  type  of  polymer  and 
Y  the  Mn  of  MM.  [c]  Determined  by  multi-angle  laser  light  scattering,  [d]  Determined  by  GPC  in  THF.  PDI  is  likely  underestimated  due  to  the  ultrahigh 
MWs  that  exceed  the  GPC  column  size  exclusion  limit,  [e]  DP  of  brush  polymer,  [f]  Conversion  of  MM  is  determined  by  comparing  the  peak  areas  of 
brush  polymer  and  residual  MM  from  GPC  measurement  of  the  crude  product,  [g]  THF  was  used  as  solvent. 

As  shown  in  Figure  1 ,  various  large  ring-shaped  nanostructures  were  clearly  observed,  either  as  small 
aggregates  or  as  individual  rings,  together  with  some  linear  chains.  Each  of  the  observed  nanostructures,  both 
cyclic  and  linear,  had  uniform  width  of  30-40  nm  and  height  of  1-2  nm,  which  are  consistent  with  the  linear 
brush  polymer  we  previously  prepared  via  ROMP  of  the  same  MMs.  Most  cyclic  structures  have  diameters  in 
the  range  of  100-180  nm,  corresponding  to  contour  lengths  of  310-560  nm.  We  have  previously  measured  the 
length  per  monomeric  unit  to  be  0.62  nm,12  using  uniform,  narrowly  dispersed  linear  brush  polymers  with  the 
same  side  chain.  Therefore,  a  contour  length  of  310-560  nm  corresponds  to  a  backbone  DP  of  ca.  500-900, 


which  is  close  to  the  calculated  backbone  DP  (880)  based  on  the  absolute  MW  measured  by  light  scattering. 
Additionally,  each  cyclic  structure  exhibited  loop-like  shapes  with  large  open  pores,  different  from  our 
previously  reported  cyclic  dendronized  polymers  that  presented  as  donut-like  shapes  with  small  pores  of  only 
5-7  nm.11  This  is  presumably  due  to  the  high  MWs  of  both  side  chain  and  backbone  and  significantly  extended 
backbone  conformation  with  very  high  grafting  density  (1  side  chain  per  repeat  unit)  in  these  polymers. 
Interestingly,  we  also  observed  structures  where  cyclic  loops  either  partially  stacked  or  crossed  (Figure  1e), 
and  the  cross-sectional  analysis  showed  that  the  stacked  portion  has  a  height  twice  that  of  the  non-overlapping 
portion.  We  believe  this  structure  is  more  likely  to  be  from  physically,  partially  overlapped  rings  during  spin¬ 
coating  and  drying  process,  as  opposed  to  catenated  rings.  Formation  of  catenanes  during  metathesis 
polymerization  of  norbornenyl  macromonomers  is  very  unlikely  because  chain  transfer  between  greatly 
hindered  polynorbornene  backbones  should  not  be  possible. 


35  nm 

Figure  1.  Topographic  AFM  images  of  REMP  brush  polymer  PNB-flr-PS6600  (Table  1,  entry  3)  on  graphite:  (a)  spin  coated  from  0.01  mg/mL  solution; 
(b-c)  spin  coated  from  0.001  mg/mL  solution.  Inserts  are  magnified  images  of  individual  cyclic  brush  polymers;  (d)  cross-sectional  analysis  of  a  cyclic 
and  a  linear  brush  polymer;  (e)  cross-sectional  analysis  of  either  stacked  or  crossed  rings. 


With  the  successful  REMP  of  hydrophobic  macromonomers  described  above,  we  next  targeted  more 
complex  amphiphilic  systems  comprising  both  hydrophilic  and  hydrophobic  chains  on  each  macromonomer 
(Figure  2).  Starting  from  carbic  anhydride  (1),  esterification  with  10-undecyne-1-ol  provided  “clickable”  alkyne 
in  good  yield.  Subsequent  PEG  (550  Da)  attachment  gave  diester  3,  and  azide-alkyne  “click”  chemistry  was 
used  to  install  the  hydrophobic  polystyrene  (2,200  Da)  side  chain  yielding  amphiphilic  macromonomer  4  in  72% 
overall  yield.  Treatment  of  4  with  our  most  active  REMP  catalyst  (SC-6)  provided  cyclic  polymer  5,  though  in 
low  34%  isolated  yield.  Analysis  via  gel-permeation  chromatography  (GPC)  revealed  an  Mw  of  1.5  MDa,  but  a 
non-uniform  (i.e.,  multimodal)  molecular  weight  distribution  was  observed.  Attempts  to  gain  control  over  the 
molecular  weight,  and  also  to  access  lower  molecular  weight  ranges  involved  addition  of  Ph3P  to  the 
polymerization.  While  this  yielded  polymers  down  to  500  kDa,  and  with  monomodal  GPC  traces, 
polymerization  times  were  greatly  extended  and  catalyst  decomposition  resulted  in  low  yields  of  isolable 
polymer.  Current  efforts  focus  on  improving  the  polymerization  efficiency  through  new  catalysts  designs,  as 
well  as  characterization  of  the  amphiphilic  cyclic  polymers  that  have  been  produced. 
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Figure  2.  Synthesis  of  amphiphilic  macromonomer  and  REMP  to  give  an  amphiphilic  cyclic  polymer. 
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